Advanced satellite sensors are tasked with improving global measurements of the Earth's atmosphere, clouds, and surface to enable enhancements in weather prediction, climate monitoring capability, and environmental change detection. Achieving such measurement improvements requires instrument system advancements and/or optimization of geophysical information content extraction. This manuscript focuses on the impact of spectral resolution and coverage changes on remote sensing system information content, with a specific emphasis on thermodynamic state and trace species variables obtainable from advanced atmospheric sounders such as the Atmospheric InfraRed Sounder (AIRS) on the NASA EOS Aqua satellite, the Infrared Atmospheric Sounding Interferometer (IASI) on MetOP, and the Cross-track Infrared Sounder (CrIS) system to fly on the NPP and JPSS series of satellites.
INTRODUCTION
Advanced satellite sensors are tasked with improving global observations of the Earth's atmosphere, clouds, and surface to enable enhancements in weather prediction, climate monitoring capability, and environmental change detection. Achieving such an improvement in geophysical information inferred from these observations requires optimal usage of data from current systems as well as instrument system enhancements for future sensors. This presentation addresses results of tradeoff studies evaluating the impact of spectral resolution, spectral coverage, instrument noise, and a priori knowledge on remote sensing system information content, with a specific emphasis on thermodynamic state and trace species information obtainable from advanced atmospheric sounders. Particular attention will be devoted toward information achievable from the Atmospheric InfraRed Sounder (AIRS) on the NASA EOS Aqua satellite in orbit since 2002, the Infrared Atmospheric Sounding Interferometer (IASI) aboard MetOp-A since 2006, and the Cross-track Infrared Sounder (CrIS) instrument to fly aboard the NPP and JPSS series of satellites expected to begin in late 2011. While all of these systems cover nearly the same infrared spectral extent, they have very different number of channels, instrument line shapes, coverage continuity, and instrument noise. AIRS is a grating spectrometer having 2378 discrete spectral channels ranging from about 0.4 to 2.2 cm -1 resolution [1] ; IASI is a Michelson interferometer with 8461 uniformly-spaced spectral channels of 0.5 cm -1 (apodized) resolution [2] [3] [4] ; and CrIS is a Michelson interferometer having 1305 spectral channels of 0.625, 1.250, and 2.50 cm -1 (unapodized) spectral resolution [5, 6] , respectively, over its three continuous but non-overlapping bands. Results of tradeoff studies showing information content sensitivity to assumed measurement system characteristics are presented.
An important usage of data from advanced atmospheric sounders is toward improving the quality of environmental forecasts associated with, for example, air quality, weather, and climate research and operational applications [7, 8] . While such forecasts could certainly benefit from improvement in model deficiencies, significant gains can be realized through improved quality of assimilated observational data to ensure maximum information content is utilized. The study reported on herein examines the impact on information content due to variation in measurement system characteristics, with the intent of helping to identify optimum channels from current systems as well as improving specification for future sensor systems. Figure 1 shows a nominal upwelling infrared radiance spectrum of the Earth + atmosphere system as observed from space. Different spectral resolutions are depicted, ranging from 0.25 cm -1 (in black) to 100.0 cm -1 (in red), which illustrate the decreasing information content with decreasing spectral resolution. The key species responsible for the observable atmospheric band absorption features are noted as well as the broad spectral range that contributes toward radiative information on the state of the atmosphere, surface, and clouds.
TECHNICAL APPROACH

Instrument systems
This study assumes instrument characteristics from three current advanced atmospheric sounder instruments: the Atmospheric InfraRed Sounder (AIRS) on the NASA EOS Aqua satellite in orbit since 2002, the Infrared Atmospheric Sounding Interferometer (IASI) aboard MetOp-A since 2006, and the Cross-track Infrared Sounder (CrIS) instrument to fly aboard the NPP and JPSS series of satellites expected to begin in late 2011. While all of these systems measure essentially the same infrared spectral extent, they do so with a very different number of channels, instrument line shape, spectral coverage continuity, and instrument noise. AIRS is a grating spectrometer having 2378 discrete spectral channels, and its constant resolving power of around 1200 yields spectral resolutions ranging from about 0.4 to 2.2 cm -1 across the spectral extent; IASI is a Michelson interferometer with 8461 uniformly-spaced spectral channels of 0.5 cm -1 (apodized) resolution; and CrIS is a Michelson interferometer having 1305 spectral channels of 0.625, 1.250, and 2.50 cm -1 (unapodized) spectral resolution, respectively, over its three continuous but non-overlapping bands. The maximum optical path difference (OPD) of CrIS yields a 0.625 cm -1 resolution in all bands, but the current plan calls for interferogram truncation of the midwave and shortwave bands to yield the above-noted, lesser resolutions. It is hoped that studies such as that presented herein help justify the need to maintain the highest, as-measured spectral resolutions for CrIS and other future sensors. A summary of the channel density and spectral sampling characteristics of these three instruments, along with their sensor type class and satellite platform, is given in Table 1 .
As will become evident in subsequent portions of this manuscript, information content achievable from measurement systems is also very much dependent upon sensor noise. Nominal noise spectra are assumed for the three sensors simulated in this study. Specifically, channel noise derived for AIRS in August 2002, noise spectra for IASI flight model 2 derived in January 2007, and nominal CrIS noise spectra as presented at the critical design review in April 2004 are utilized [9] . It is recognized that other, more current noise spectra may be available for these sensors which could yield different results, hence the desire to specify exactly what has been assumed for simulations herein. Regardless, however, the dependence of results on assumed noise and spectral sampling properties can still be demonstrated herein. 
Analysis methodology
An approach similar to that used in Maximum Likelihood methodology [10] [11] [12] [13] is followed herein, wherein averaging kernels are analyzed to infer measurement system vertical information content. The steps followed within this study are as follows: 1) Define atmospheric/surface state about which analysis is to be performed. The ECMWF diverse profile set of April, 2008, [14] , having 83 profiles on 101 levels, is used with an assumed nadir view. Surface contrast is ignored, i.e. the surface temperature is assumed to be that of the lowermost profile level, and a surface emissivity equal to one is used.
2) Calculate forward model derivatives with respect to state parameters. Version 11.3 of LBLRTM V11.3 [15] has been used for line-by-line calculations.
3) Formulate covariance matrices for instrument noise and a priori state variables. Diagonal covariance matrices are used, i.e. ignoring inter-channel/level correlations. Nominal instrument noise spectra have been used for AIRS, IASI, and CrIS; and ECMWF data are used to represent the a priori state.
4)
Calculate averaging kernels to assess vertical information content. The trace of the averaging kernel matrix is used to represent vertical information content.
5) Repeat steps above for various instrument formulations, i.e. spectral resolutions and extents of bands.
The averaging kernels, which represent the vertical smoothing functions applied to the true state to yield the retrieved state, can be expressed by
where the forward model (F) Jacobians, K, which represent the upwelling radiance sensitivity to state parameter (X) perturbations, can be given by
S a is the a priori covariance, and the measurement covariance is given by S e . The Degrees of Freedom for Signal, which give the approximate number of independent elements of vertical information contained in the measurement above the noise level, can then be expressed by
The DOFs, or trace of the averaging kernel matrices, will be used in this study to represent measurement system vertical information content. As can be inferred from the equations above, information content is a function of many characteristics of the instrument system; specifically, as illustrated in Figure 2 below, spectral properties of the instrument line shape, sensor noise, and a priori knowledge are all contributors. 
RESULTS
Results are presented within this section corresponding to the earlier-described methodology being applied for select instrument spectral sampling and noise characteristics. To begin we will illustrate typical forward model Jacobians and averaging kernels for the advanced sounders under evaluation. Figure 3 shows sample a) forward model Jacobians and b) averaging kernels for the H 2 O band region with a 0.5 cm -1 IASI-like spectral resolution. Specifically, application of equation (2) over the 1160 to 2060 cm -1 spectral and 0 to 20 km vertical ranges is illustrated in Figure 3-a) ; Figure 3 -b) shows corresponding averaging kernel vertical profiles resulting from evaluation of equation (1).
As discussed earlier, the main focus of this study is to assess the impact on information content of varying instrument spectral and noise properties. The next simulation results to be presented correspond to application of a simplified instrument line shape (ILS) being used to not bias results toward any particular instrument type; specifically, a boxcar ILS with varying resolutions (i.e. FWHMs) is implemented. For noise, a varying scaling factor is applied to the IASI noise spectrum to include realistic wavenumber dependence. Information content is then calculated using equation (3), subsequent to evaluating equations (2) and (1) spectral regions, respectively. Figure 4 summarizes the results for this simulation, showing cross-sections of DOFs for a fixed 0.05 cm -1 spectral resolution as the mean noise is varied. Note a log-log scale is used and x-axis values correspond to mean noise over the earlier-noted spectral regions. Results for both troposphere and total atmosphere are shown but, as expected, a distinction is not observed for CO or H 2 O wherein significant sensitivity is limited to within the troposphere. For nominal sensor mean noise levels, i.e. for IASI, one can infer from this figure around 1, 1.5, 8, and 12 for the number of independent pieces of tropospheric information corresponding to CO, O 3 , H 2 O, and T, respectively. However, more precise values can be inferred when the exact ILS is implemented, as will next be presented.
We next address the impact of realistic ILSs and noise being assumed in simulations performed as just described for the AIRS, IASI, and CrIS sensors. Specifically, the following cases are simulated: a) IASI noise assumed for all sensors, spectral response as nominally defined for all sensors; b) IASI noise assumed for all sensors, full-CrIS spectral resolution in all bands, other sensor ILSs as nominally defined; c) sensor-specific noise assumed, spectral response as nominally defined for all sensors; and d) sensor-specific noise assumed, full-CrIS spectral resolution in all bands, other sensor ILSs as nominally defined. Figure 5 summarizes the results for this simulation with the a) -d) graphical products corresponding to the cases just defined. Horizontal lines within the barchart bars indicate tropospheric information levels, whereas the barchart tops correspond to that for the total atmosphere. Examination of Figures 5 a) and b) show results to be a function of spectral resolution and coverage differences assumed for the different sensors. This is the same relationship for Figures 5 c) and d) with the additional dependence on sensor-specific noise differences implemented. The performance of AIRS and CrIS improves in Figures 5 c) and d) , over that shown in Figures 5 a) and b), due to the lower noise reported for these systems compared with IASI. The results shown for carbon monoxide information content from IASI are consistent with those derived in earlier studies using IASI global data [16, 17] . It is also interesting to note the improved performance estimated for CrIS when full spectral resolution is included for the midwave and shortwave bands. Finally, as mentioned earlier, we must stress that these results are dependent on the various measurement system characteristics as depicted in Figure 2 and defined earlier in this manuscript. So, while specific results will vary with exact characteristics assumed, it is interesting to note that for nominal characteristics (as assumed in simulations herein) similar performance can be achieved for the advanced sounders considered within this study. 
SUMMARY AND WAY FORWARD
Advanced satellite sensors are tasked with improving global observations of the Earth's atmosphere, clouds, and surface to enable enhancements in weather prediction, climate monitoring capability, and environmental change detection. Achieving such an improvement in geophysical information inferred from these observations requires optimal usage of data from current systems as well as instrument system enhancements for future sensors. This manuscript addresses results of tradeoff studies evaluating the impact of spectral resolution, spectral coverage, instrument noise, and a priori knowledge on remote sensing system information content, with a specific emphasis on thermodynamic state and trace species information obtainable from advanced atmospheric sounders. A particular focus is devoted toward information achievable from the Atmospheric InfraRed Sounder (AIRS) on the NASA EOS Aqua satellite in orbit since 2002, the Infrared Atmospheric Sounding Interferometer (IASI) aboard MetOp-A since 2006, and the Cross-track Infrared Sounder (CrIS) instrument to fly aboard the NPP and JPSS series of satellites expected to begin in late 2011.
Maximizing information content in data channel selection or sensor specification is important to optimize research & operational program benefit from existing and future advanced sounder systems (for, e.g., NWP, climate, or environmental monitoring applications). Results from simulation tools being developed at NASA LaRC to assist in such analyses are presented herein and have demonstrated the importance of band definition and the interconnectivity of spectral resolution, band coverage, noise, and a priori state knowledge toward measurement system information content. Future activities include further refinement/validation of methodology along with consideration of various atmospheric states and instrument parameter specifications in support of NPP/JPSS (i.e. CrIS) and NASA Decadal Survey missions.
